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Abstract 
The determination of nanomechanical properties is an intensive topic of study in several fields of 
nanophysics, from surface and materials science to biology. At the same time, amplitude modulation 
force microscopy is one of the most established techniques for nanoscale characterization. In this 
work, we combine these two topics and propose a method able to extract quantitative nanomechanical 
information from higher harmonic amplitude imaging in atomic force microscopy. With this method it 
is possible to discriminate between different materials in the stiffness range of 1 – 3 GPa, in our case 
thin films of PS-PMMA based block copolymers. We were able to obtain a critical lateral resolution 
of less than 20 nm and discriminate between materials with less than a 1 GPa difference in modulus. 
We show that  within this stiffness range, reliable values of the Young Modulus can be obtained under 
usual imaging conditions and with standard dynamic AFM probes. 
Keywords: atomic force microscopy, higher harmonics, nanomechanics, block copolymers 
 
1. Introduction 
The investigation of interactions between surfaces allows the understanding of a wide range of 
phenomena from friction to stability of colloidal particles in liquid media [1]. A theoretical 
understanding of surface forces was developed by Hertz [2], Derjaguin and Landau [3], Johnson, 
Kendall and Roberts[4] and Derjaguin, Muller and Toporov [5], to mention the most widely referred. 
From the experimental point of view, the invention of the atomic force microscope (AFM) in 1986 [6] 
allowed the study of near-surface mechanical properties at the nano-scale thanks to the possibility of 
measuring forces in the pN range, with a sensitivity and spatial resolution smaller than that provided 
by dynamical mechanical analysis (DMA) apparatus [7]. Several operation modes have been 
developed in order to improve the performance of AFM in the measurement of mechanical properties 
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[8] including quasi-static (such as quasi-static indentation [9], force-volume mode [10], adhesion 
force mode [11]); dynamic in contact mode (force modulation [12], contact resonance [13], ultrasonic 
force microscopy [14]); and dynamic in intermittent contact mode (phase imaging [15], phase 
modulation [16], pulsed-force [17]).  
Despite this variety of techniques, the extraction of elastic moduli and viscoelastic constants remains 
problematic due to the difficulty of correctly describing the tip-surface contact area and the lack of 
accurate models which can describe the contact mechanics appropriately. Within the panorama of 
intermittent contact techniques, one of the most widely used is the amplitude modulation (AM-AFM) 
in repulsive mode, where the tip is periodically in contact with the sample surface. When the tip 
interacts with the sample surface, harmonic signal components are induced to the cantilever motion 
due to the non-linear character of the interaction [18]. These components and the force acting on the 
cantilever can be expressed in terms of Fourier series, as exhaustively described in theoretical works 
[18-20]. Although the higher harmonic amplitudes are well below 1 nm, such amplitudes can be 
monitored with a reasonable signal-to-noise ratio when they are amplified by a flexural eigenmode. In 
our case, we chose to detect the 6th harmonic oscillation amplitude because it is in close proximity 
with the 2nd flexural eigenmodes. Considerable theoretical effort has been made in the last few years 
to describe and understand the potential use of higher harmonics [21–23] and its functional 
dependence on relevant parameters such as cantilever force constant (kc), tip radius (R), free 
oscillation amplitudes (A0) and sample stiffness (E) [24,25]. It is well known that only a few 
amplitude signals are detectable when the tip-sample interaction is kept gentle i.e. 100 pN [26]. To 
overcome this limitation, we extrapolated the most suitable experimental conditions in order to 
enhance the higher harmonic signal by carrying out simulations with the Virtual Environment for 
Dynamic AFM (VEDA) software [27]. The focus was on the experimental quantification of sample 
surface Young modulus (E) analyzing the amplitude of the 6th higher harmonic and comparing it with 
the simulations. This is the first time that experiments have been conducted to estimate surface 
mechanical properties in the optimum conditions for this method. The samples chosen for the E 
quantification were block copolymers (BCPs) thin films [28,29]. 
 
2. Materials and Methods 
2.1 Simulations 
Simulations were performed using the VEDA open code, which takes into account the dynamics of 
oscillating rectangular cantilevers with multiple eigenmodes [27]. The frequencies, stiffness and 
quality factors of the 2nd flexural eigenmode have been approximated by the known relationships 
6.27 f0, 6.272 kc and 6.27 Q, respectively, corresponding to a massless tip, where f0 and Q stand for the 
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resonance frequency (fundamental mode or first eigenmode) and the quality factor, respectively [30]. 
We have used the Derjaguin-Muller-Toporov (DMT) model to describe the tip–surface interaction [5]  
and the tip was approximated by a hemisphere with a well-defined radius R = 5 nm. For simplicity, 
neither viscoelastic nor capillary forces were considered [25]. 
2.2 Experimental 
AFM imaging of topography, fundamental mode phase and 6th higher harmonic were performed in the 
repulsive mode in order to enhance the 6th higher harmonic amplitude (A6) signal well above the noise 
level of the employed electronic. A commercial AFM was employed, hosted in a homemade 
controlled humidity environment. Commercial TESP SS (Bruker) rectangular microfabricated silicon 
cantilevers with ultrasharp silicon tip (2 < R < 5 nm) were used with the nominal values kc ≈ 42 N/m 
and f0 ≈ 300 kHz. The amplitude of the higher harmonics was registered using a digital signal 
processing (DSP) dual phase, wide bandwidth external lock-in amplifier. The use of an external lock-
in allowed us to improve the signal-to-noise ratio and the lowest limit of detectable values within the 
range of 70 - 600 µV as evidenced by a resulting higher resolution at lower free amplitude values as 
compared to those achievable with an internal lock-in. The laser spot was positioned at its revealed 
maximum intensity, coinciding with the position of the tip along the cantilever, and the dynamical kc 
was calibrated performing thermal tune measurement applying Sader’s corrections [31-32]. In order to 
convert the 6th higher harmonic amplitude values from µV to nm, the laser-detector deflection 
sensitivity was calibrated by performing a ramp in tapping mode on a sapphire calibration sample. 
AFM measurements were always performed at relative humidity below 10%, in order to reduce the 
capillarity condensation at the tip-surface interaction as much as possible.  
 
2.3 Self-assembled Block Copolymers samples 
BCPs are macromolecules built from more than one species of monomers with inter-monomer 
covalent bonding which tend to segregate due to the repulsion between different blocks and undergo a 
separation phase with controllable dimensions and functionalities [33-34]. These materials show 
periodic structures with a characteristic width or pitch and have been found interesting for high 
volume manufacturing in the semiconductor industry [35,36]. The fact that low cost and nanometer 
scale features at high throughput are obtainable by directed self-assembly (DSA) is attracting interest 
in the whole fields of lithography and surface patterning. The samples employed in the present work 
were made using poly(styrene-b-methylmethacrylate) (PS-b-PMMA 50:50, Mn = 79 kg·mol−1, PDI 
=1.13) provided by Arkema and assembled on a polystyrene based (PS-OH) brush layer. BCP was 
dissolved in a 1.5% (w/w) solution of propylene glycol methyl ether acetate (PGMEA). Thin films 
made of this BCP form lamellae with a nominal pitch of 37 nm. In order to graft the brush layer, the 
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prepared surfaces were annealed for 5 min at 230 ºC in nitrogen atmosphere. The remaining ungrafted 
brush was removed with PGMEA rinsing. Above this brush layer, the L37 solution was spin-coated 
and annealed a second time for 10 min at 230 ºC in nitrogen atmosphere, to induce the lamellae self-
assembly with a nominal pitch of 37 nm.  
In order to selectively modify the stiffness of one of the phases of the block co-polymer samples, a 
Sequential Infiltration Synthesis (SIS) process was applied [37]. Alumina, obtained from binary 
reactions of trimethylaluminium (TMA) and water at 135 ºC, was obtained at the end of the 
infiltration process which took place in two steps:  first, TMA was placed in a vacuum chamber for 60 
s and then, once purged, water was introduced. This entire sequence was repeated for 5 times, and 
each time the infiltration process not only  covered  the top domain but the whole polymer domains, 
resulting in a global improvement of resistant hardness, leading to high-aspect-ratio features in a 
substrate [38–41].  
 
3. Results and Discussion 
In a previous work we have explored the functional dependence of A6 as a function of R, A0, E and kc 
and shown that A6 follows a universal gun-shape curve, with coefficients that depend on the values of 
the mentioned parameters [24,25]. The functional dependence can help to determine the best 
experimental conditions to quantify, e.g., E. The simulations shown in Fig. 1 indicate the evolution of 
A6 as a function of the mentioned parameters and are useful to select the experimental conditions 
aimed to maximize the signal and the sensitivity in order to extract experimental values of the 
Young’s modulus. Figure 1a shows the dependence of A6 as a function of the z distance (the distance 
between the cantilever base and the sample surface). A6(z) increases upon entering the repulsive 
region (dashed vertical green line) and reaches its maximum (blue vertical line) around A0/4. Most of 
the experiments presented in this work have been performed with an amplitude set point (Asp) of 50% 
of A0 (dashed red line), and under this condition A6 is close to its maximum value. 
The evolution of A6 as a function of selected values of kc is shown in Fig. 1b. Note that the amplitude 
decreases for increasing cantilever spring constant values, approximately following a 1/kc dependence 
[22,25]. From the figure we observe that the value of A6 is not very much dependent on the values of 
kc for kc > 20 N/m. Figures 1c and 1d show the dependence of A6 as a function of E for kc=0.1 N/m 
(Fig. 1c) and kc=26 N/m and kc=42 N/m, respectively (Fig. 1d), to cover a wide range of kc values. 
From the curves it becomes evident that the sensitivity (expressed in terms of the slope of the curve 
and represented in Figs. 1e and 1f, respectively) is highest for E<5 GPa, which is the region of interest 
for the polymers selected in this work. Above E ≈ 10 GPa the slope becomes increasingly smaller 
which indicates that standard dynamic mode cantilevers would be not indicated for the quantitative 
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determination of the E values. From Fig. 1b one would be tempted to choose the softest cantilevers, 
since the predicted A6 signal is larger. However, very soft cantilevers are unstable in the repulsive 
mode due to torsional deformations and exhibit lower Q values. In our case we have selected the 42 
N/m cantilevers because of their mechanical stability, larger Q values and since the predicted A6 
signals are not significantly smaller than those corresponding to the intermediate cantilevers (ca. 20 
N/m). Although a clear disadvantage when using stiffer cantilevers is the associated lower accuracy in 
the estimation of the actual kc value using thermal tune calibration methods and the resulting lower 
oscillation amplitudes, the fact that the dependence of kc on the value of E is low mitigates the 
uncertainty on its quantification.  
However, and as will be shown next, the lower values obtained from using a stiffer cantilever can be 
compensated by increasing the free oscillation amplitude A0. This is shown in Figs. 1g (kc=0.1 N/m) 
and 1h (kc=26 N/m and kc=42 N/m), where it is observed that A6 increases linearly with A0 in the 40 - 
80 nm range. A0 appears to be a crucial working parameter directly linked to the peak force exerted on 
the sample: higher harmonics increase monotonically with A0 and, in this range of values, are excited 
above the noise level without plastic deformation, despite the observation of large deformations as a 
free amplitude of 80 nm is approached. As the free amplitude was increased the dynamic excitation of 
the cantilever changed. To have an idea of how tip-sample interaction changes, an experiment under 
repulsive regime was considered, at a constant set-point value (50%). Higher peak interaction force 
was exerted as A0 increased. The peak interaction force, Fpeak , can be expressed as [42]: 





−9/8 ]⁄ ,    (1) 
where E* is the effective tip-sample elastic modulus. Equation 1 predicts Fpeak ranging from 3.4 nN 
(A0 = 40 nm) to 6.3 nN (A0 = 70 nm) using R = 5 nm, kc = 42 N/m, Q=600 and E*≈2 GPa, since the 
Young’s modulus corresponding to silicon is much larger than the value corresponding to the PS and 
PMMA polymers. Within this range of forces, the DMT model predicts a deformation in the range of 
3 - 8 nm, as found experimentally (see Fig. 2a). This range of free amplitude values is higher than 
those usually employed in force reconstruction experiments [43,44]. In our case, working at higher 
amplitudes allowed us to obtain a clearer detectable signal and compare the resulting trends with the 
simulations. 
 
3.1 PS - LDPE 
As a first step, the 6th higher harmonic signal was studied on a Bruker’s calibration sample of PS and 
low density polyethylene (LDPE), having nominal E values of 2.0 and 0.1 GPa, respectively. The 
morphology of the surface consisted of a PS surface with LDPE semispherical micro-droplets. This 
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kind of sample is a good starting point because the two phases are easily distinguishable in the 
topography (Fig. 2a), the phase channel (Fig. 2b) and also from the 6th higher harmonic amplitude 
image (Fig. 2c) because of the large difference in Young’s moduli (about 2 GPa) between the two 
phases. We were also able to verify that increasing A0 exerts higher forces inducing an increased 
deformation, as can be seen in the topography (Fig. 2a). It can be clearly observed that the droplet of 
LDPE at A0 = 70 nm (right half) shows a higher deformation than the one at A0 = 40 nm (left half). 
Despite the deformation, the theoretical values agreed with the experimental ones, as shown in Fig. 
2e, confirming that the DMT model [5,45] was also still valid at these amplitudes ranges. 
The images were analyzed with the Gwyddion software [46] applying a threshold masking of the 6th 
higher  harmonic image according to the Otsu method [47], in order to discriminate the signal value 
from the two materials (Fig. 2d). The trend of A6 mean values, taken from the different phases at 
different A0, allows a clearer comparison with the simulations (Fig. 1h). The experimental results for 
PS lay between the two simulations performed for E = 2 GPa and E = 1.8 GPa, while those for the 
LDPE lay between the simulations for E = 0.1 GPa and E = 0.2 GPa. The obtained results and their 
indetermination were perfectly compatible with other works that have performed analogous 
measurements on the same kind of sample using other methods such as Force reconstruction [43] and 
nanomechanical spectroscopy [44]. 
 
3.2 PS-b-PMMA 
The second type of sample investigated was a PS-b-PMMA self-assembled film with vertical lamellae 
and with a 37 nm pitch. The topography and phase images of this sample, measured at A0 = 70 nm, are 
shown in Figs. 3a and 3b, respectively, showing a characteristic fingerprint distribution. In the 
topography image the two phases are distinguishable: PS and PMMA correspond to the darker and 
brighter parts, respectively, due to the different stiffness. The good contrast observed in Figs. 3a and 
3b is also visible in the A6 channel (Fig. 3c), which reliably replicates the topography and phase 
images. The E values of the two phases of this sample had been measured previously [48] by 
PeakForce quantitative nanomechanical mapping (QNM), enabling a comparison of the two methods. 
The E values obtained here for PS and PMMA are 1.97 ± 0.21 and 3.10 ± 0.73 GPa, respectively. The 
simulation shown in Fig. 3d shows a good agreement between the experimental values matching the 
results previously obtained with QNM technique [48]. The experimental results lay between the 
simulations performed for E = 1.6 GPa and 2 GPa for PS and 2.4 GPa and 3 GPa for the PMMA, 
respectively, within the indetermination on the QNM results. However, the A6 values at A0 = 80 nm 
become less reliable; at this free amplitude the surface of the sample started to deform plastically. 
Notwithstanding the lower difference of Young modulus (ΔE ≈ 1 GPa) and the small dimensions of 
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the block copolymers phases (18 nm), we obtained a good contrast that allows both the discrimination 
of both phases and a quantitative estimation of the corresponding E values. 
Another parameter that has an important effect on evolution of A6 is the tip radius, as has been 
previously discussed [24,25]. In this case A6 increases monotonically for increasing R values, hence it 
becomes mandatory the monitoring of the evolution of R. In our case we have compared the 
topographies of the first image of the experiments (A0=40 nm) with the last one, after 5 images (A0=70 
nm). Figure 4 shows the comparison of the corresponding cross sections where no significant change 
is observed. We can thus conclude that in this case the tip radius was constant so that the increase of 
A6 can be safely attributed to the increase in A0 and not to changes in R. 
 
3.3 PS-b-PMMA with modified PMMA by SIS 
The third kind of sample was a PS-b-PMMA self-assembled film with vertical lamellae and pitch of 
37 nm, exposed to SIS treatment in order to induce an increase of the stiffness of the PMMA phase. 
The use of SIS process is very interesting for pattern transfer: the infiltered phase becomes more 
resistant to etching, and in particular, the etching selectivity with silicon increases, allowing to 
increase the final aspect ratio of the transferred features. However, it is also important to ensure that 
the infiltered blocks have good mechanical properties, to avoid collapsing of the infiltered features 
when the non infiltered block is removed.  
Previous measurements of the E value of infiltered PS-b-PMMA was measured by QNM [48], 
obtaining a value of 3.6 ± 0.4 GPa for the PMMA phase. Using higher harmonic detection, we obtain 
the same information but with standard dynamic mode AFM imaging conditions and at lower surface 
deformation. The morphology of the fingerprint patterns does not change after the SIS cycles (Figs. 4a 
and 4b) . Images of the A6 channel (Figs. 4c and 4d) show that the resolution and the contrast are good 
and allow the two phases to be distinguished. The analysis using VEDA simulations (Fig. 4e) 
indicates that the E values for the PMMA lay between 3 and 3.6 GPa, while those for the PS increases 
compared with the pristine PS-b-PMMA sample and lay above the simulation with E = 2 GPa, in 
accordance with the results obtained with QNM.  It is then confirmed that the A6 detection method 
presents sufficient sensitivity to detect changes of Young’s modulus of around 0.5 GPa. 
 
 4. Conclusions 
We have developed a method to determine the Young’s modulus of nanostructured materials based on 
standard AFM tapping mode cantilever and easily available electronics. Under the same imaging 
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conditions usually employed in  dynamic AFM mode, we were able to reliably measure the amplitude 
of 6th higher harmonic of the first resonance mode at free oscillation amplitudes of 40 – 80 nm.  
VEDA simulations are used to analyze the dependence of imaging parameters on the values of the 
higher harmonics and surface properties, paving the way to select the proper conditions to optimize 
the measurements. We have obtained a good match between simulations and experimental values for 
polymeric samples in the low GPa range (2-4 GPa) scanned at high resolution, resolving features 
down to 17 nm width. Specifically, lamellar block copolymers with nominal pitch of 37 nm were 
characterized using the 6th higher harmonic detection method. The results are in accordance  with 
those reported by other methods such as PeakForce QNM, force reconstruction or nanomechanical 
spectroscopy, and with a comparable uncertainty.  Moreover, simulations indicate that there is no 
need to use different tips for different ranges of Young modulus as required with PeakForce and Force 
volume techniques. Using a standard set-up has the advantage of analyzing the direct signal of the 
photodiode (amplitude of 6th higher harmonic) and all the characteristics mentioned above, thus 
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Figure 1. (a) Simulated dependence of A6 normalized to A0 as a function of the distance (z) between 
the cantilever base and the surface of the sample at A0 = 60 nm: the discontinuous green vertical line 
shows the threshold of the repulsive regime, the discontinuous red line represents the z distance at Asp 
=0.5 A0 and the blue line represents the z distance at which A6 reaches its maximum. (b) Simulation of 
the dependence of A6 normalized to A0 as a function of kc, using selected nominal values (see ref. [25] 
for details). Evolution of A6 normalized to A0 as a function of E for (c) kc = 0.1 N/m (continuous blue 
line) and (d) kc = 26 N/m (continuous green line) and kc = 42 N/m (continuous magenta line). The 
derivative of curves in (c) and (d) are shown in (e) and (f), respectively, in order to highlight the 
slopes. Evolution of A6 normalized to A0 as a function of A0 for (c) kc = 0.1 N/m (blue dots) and (d) kc 
= 26 N/m (green dots) and kc = 42 N/m (magenta dots). The yellow highlighted areas represent the 
working range: E = 0.1 MPa - 4.7 GPa, kc = 30 - 43 N/m. All A6 values have been calculated at 50% 
of A0. 
 
Figure 2. PS-LDPE sample: (a) topography at A0 = 40 nm (left) and A0 = 70 nm (right), (b) phase of 
the fundamental mode and (c) A6 channel images at A0 = 70 nm. As A0 increases, the force exerted 
induces an increased deformation in the sample, as visible in the comparison of the two topographies. 
(d) Example of distribution of the A6 channel with a Gaussian fit for both LDPE (continuos green line) 
and PS (continuos red line) contributions, the vertical blue line representing the Otsu mask threshold 
value (see text for details). (e) Plot of experimentally determined A6 values for different A0 values 
(green diamonds for LDPE and red diamonds for PS) and corresponding simulations for LDPE 
(discontinuous green line) and PS (continuous red line). The experimental values lie in the given 




Figure 3.  PS-b-PMMA sample: (a) topography, (b)  phase and (c) A6 channel images taken at A0 = 70 
nm. (d) Plot of experimentally determined A6 values for different A0 values (red diamonds for PS and 
blue diamonds for PMMA) and corresponding simulations for PS (discontinuous red line) and PMMA 
(continuous blue line). The experimental values lie in the given indetermination interval of sample 
Young’s modulus. 
 
Figure 4 (Left) expected influence of tip blunting on AFM height profile. Scanning at constant load 
vertical lamellar BCPs produces a certain topographical contrast between the two blocks. As the tip 
radius increases convolution effects tend to mask such height difference. (Right) in the case of 5 
consequent scans at A0 = (40 –70) nm and Asp = 50% of A0, no relevant change in the averaged 
profile of parallel lamellas is observed, thus deducting no significant tip blunting has occurred so far. 
 
Figure 5. PS-b-PMMA sample with modified PMMA by SIS: topography at (a) A0 = 40 and (b) A0 = 
70 nm and A6 channel images at (c) A0 = 40 nm and (d) at A0 = 70 nm. (e) Plot of experimentally 
determined A6 values for different A0 values (red diamonds for PS and magenta diamonds for 
infiltrated PMMA) and corresponding simulations for PS (discontinuous red line) and infiltrated 
PMMA (continuous magenta line). Infiltrated phase experimental values match with simulation while 
non-infiltrated PS phase shows an offset, indicating an apparent higher modulus of PS.   
 
 
